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Abstract

The development of genome sequencing technologies has revolutionized the biological sciences in ways which could not
have been imagined at the time. This article sets out to document the dawning of the age of genomics and to consider the
impact of this revolution on biological investigation, our understanding of life, and the relationship between science and

society.

Introduction

The congruence of several critical technologies was needed
to launch the genome era, allowing mapping, sequencing,
assembly and analysis of whole genomes. The discovery of
restriction enzymes, development of cloning vectors for
making representative genomic libraries, hybridization
techniques like DNA (Southern) blotting and PCR (poly-
merase chain reaction) for easy DNA amplification were all
major landmarks. Observation of frequent restriction site
polymorphisms for mapping markers gave a new lease of
life to classical family linkage studies by hugely expanding
the repertoire of individual variation that could be easily
assessed. While individual variation is essential for classical
genetic analysis, it is not required for all mapping exercises,
however, the development of chromosomal in situ hybri-
dization for regional chromosomal assignments in mitotic
somatic cells was used for dense regional mapping of DNA
clones. The advent of DNA sequencing technology was a
huge milestone. It was, of necessity, accompanied by
improved data storage and retrieval, and novel analytical
approaches to empower sequence comparison. Phenotype,
gene, and anonymous marker mapping in different organ-
isms were required to deliver biological context to genome

mapping.
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Quite apart from its historic status as the first multi-
cellular eukaryotic model organism to be sequenced and
assembled in full by 1998, the Caenorhabditis elegans
genome project should be celebrated as the original para-
digm for all the other multicellular genomes. The colla-
borative ethos developed for its efficient and speedy
delivery is the model for everything that followed. Its tri-
umph gave John Sulston the insight and confidence to fight
successfully to keep the multi-centre Human Genome Pro-
ject (HGP) fully in the public domain.

The genomials

My working life as a human geneticist, from the start of my
DPhil in 1970, has been lit and fuelled by fantastic advances
in technology-driven knowledge. Life as a Genomial (cf.
Millennial) remains fast paced and exciting, so much so,
that in “retirement” it is proving difficult to relinquish my
involvement. It is astonishing to reflect that the earliest
genome sequence, for a 5.4 kb bacteriophage, emerged only
just over 40 years ago when I was already a postdoc. In fact
in 1974, when I joined the MRC Mammalian Genome Unit
in Edinburgh, the very word “genome” was not readily
understood by the general public (although the term was
actually coined in 1920 by Hamburg botanist Hans Wink-
ler). Over the years, several disciplines have been radically
redirected by the advent of the genome era, and this will
continue as technological advances provide ever more
ambitious opportunities. As the centenary year of the
Genetics Society arrives, the international biology com-
munity is planning the sequencing of at least one exemplar
of all known species on the globe, as part of the Earth
Biogenome Project [https://www.earthbiogenome.org/].
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The delivery of sequence is now almost trivial; the chal-
lenge lies in interpretation, linking to phenotype, curation
and imaginative, ambitious interrogation of the data, and, as
we shall see, international communication and collaboration
are critical for the fast evolution of all this technology.

Assembling the toolbox and defining aims
What is a genome, what are its functions?

Many coffee-time discussions at MRC MGU in the mid
1970s were about the size and possible organization of
genomes and about the likely number of genes in different
organisms. It was assumed that gene number would show
close correlation with biological complexity. Quantitative
nucleic acid hybridization studies predicted many repeti-
tious DNA regions in most genomes. Transcript analysis
revealed that only a small proportion of a genome is
represented in transcribed RNA. The existence of introns
between the exonic sequences of genes was a surprise dis-
covery emerging in 1977 (Berget et al. 1977; Chow et al.
1977). Messenger RNA is processed by splicing out the
introns. Many genes give rise to multiple alternative splice
isoforms, some of which have critically distinct functions. A
significant proportion of most genomes was deduced to be
non-coding, and initially labelled “junk” DNA, though
maintenance of “useless” DNA is not readily reconciled
with concepts of evolution through selection. With the
appearance of some of the first complex genomes, particu-
larly the realization that the gene numbers in C. elegans,
fruit flies and humans are not hugely different, considerable
re-thinking of genome function was required. The role of
large, complex, non-coding regulatory regions has become
accepted. Regulatory functions are critical for spatio-
temporal and quantitative control of gene expression in cell
proliferation, development and differentiation. Similarly,
the spatial organization of the genome within the cell
nucleus has been a recognized problem ever since genome
sizes were defined. The human haploid genome size is
3.2 Gb, amounting to a length of 2m in each diploid cell
nucleus. Thus, the DNA needs to be much compacted,
which requires the help of proteins, producing complex but
dynamic chromatin conformations that change as gene
expression is turned on or off.

Gene mapping at the protein level

My DPhil in Walter Bodmer’s Oxford lab focused on early
human gene mapping using somatic cell hybrids (van
Heyningen et al. 1973). The use of somatic cells, with
Pontecorvo as an early advocate of the approach (Ponte-
corvo 1971), was particularly useful for human genetics

where controlled breeding experiments are not possible and
family linkage studies are impeded by small family size.
These early studies pre-dated DNA level analysis, relying
instead on protein identification methods by function or
with specific antibodies. Though novel and productive at
the time, this approach had limited scope, as it required that
the gene to be mapped is expressed in the rodent-human
hybrid cell line used. Fortuitously, such cells, the products
of fusion between an established rodent cell line with nor-
mal diploid human cells, randomly lose human chromo-
somes, creating a segregating system suitable for
chromosomal gene assignment (Pontecorvo 1971). Cyto-
geneticists learnt to distinguish and identify the human
chromosomes from the more constant rodent contribution in
these somatic cell hybrids (Bobrow and Cross 1974). A
little later, with the availability of monoclonal antibodies,
frequently with species-specific marker recognition, the
genes for expressed cell surface markers could also be
mapped in hybrid cells (Kao et al. 1977).

Classical family linkage studies were also rejuvenated by
the use of the new mapping technique involving expressed
genes, such as polymorphic enzyme markers distinguished
electrophoretically, and polymorphic cell surface markers
such as blood group antigens that could be followed using
antibodies. Linkages were identified using logarithm for
odds (LOD) scores (Morton 1996). Family studies were also
essential for variant and disease phenotype linkage to pro-
gressively tighter chromosomal localizations.

The advent of DNA-level analysis

In 1974 when I arrived at MRC MGU, Ed Southern was still
perfecting his newly invented DNA blotting technique, to
be published the following year (Southern 1975), in the
Journal of Molecular Biology, a highly favoured destination
for key papers at that time. The new technology, “Southern
blotting”, was used initially to characterize repetitive mouse
satellite DNA, the periodicities of which were revealed by
cutting with specific restriction enzymes. Satellite DNAs
from rodents were identified in the course of density gra-
dient ultra-centrifugation, then used routinely to purify
DNA. They were multi-copy repeats with distinct nucleo-
tide composition, which ran as a “satellite” peak, differing
in density from the main DNA band. In the cell, these
fractions were found near the centromeric regions of chro-
mosomes. Aliquots of recently discovered restriction
enzymes (Bigger et al. 1973) came at first as gifts from
Noreen Murray’s nearby lab, but soon a young biochemist
was employed at MRC MGU for the sole task of preparing
restriction enzymes for the Unit. In 1979, the human alpha-
globin cluster was mapped to chromosome 11, still using
somatic cell hybrids, restriction enzyme fragmentation and
Southern blotting (Jeffreys et al. 1979). Adoption of the
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new techniques permitted faster more generic gene map-
ping. Any piece of DNA, not just transcribed segments,
could be mapped in this way. Gene expression was not
required. With the availability of restriction enzymes and
cloning vectors ready to receive appropriate DNA frag-
ments, whole organismal genomes could, in principle, be
represented in libraries, and individual clones could be
systematically assigned to chromosomes and ordered using
different technologies.

In parallel with characterizing restriction enzymes,
Noreen Murray was also pioneering the development of the
earliest cloning vectors, based on lambda phage (Borck
et al. 1976). In the early 1980s, a whole host of new vectors
with distinct characteristics, and different capacities for
inserted DNA, emerged (including cosmids, BACs and
YACs—bacterial and yeast artificial chromosomes,
respectively) (Anand et al. 1989; Holland et al. 1993; Wang
et al. 1994). These and other genomic clones were begin-
ning to be used to identify restriction fragment length
polymorphisms (RFLPs) to define haplotypes and popula-
tion variation with the suggestion that these variants could
be used for mapping (Solomon and Bodmer 1979), an idea
subsequently elaborated on by others (Botstein et al. 1980).
Around this time, cDNA (DNA complementary to mRNASs)
libraries were also produced, from many different tissues to
help define transcribed functional genes, preferentially.
Some considered cDNA mapping to be the logical way to
map the genome, since only 1% of the genome falls into this
category. I recall an early human genome mapping meeting
at the London Zoo, where Sydney Brenner made this sug-
gestion. Short expressed sequence tags (ESTs) were soon
used as mapping tools. However, single-nucleotide poly-
morphisms (SNPs) covered the genome more fully and
evenly, and emerged as the most readily used mapping tools
(Wang et al. 1998). cDNA clones were still essential to
define transcribed genes. Localised mapping studies often
used mini- and microsatellite repeat polymorphisms
(Jeffreys et al. 1993).

Hunting for “disease genes”

The second stage of my own gene mapping efforts began
soon after I became a tenured scientist at the MRC Human
Genetics Unit (HGU), searching for genes implicated in
congenital disease, in collaboration with Nick Hastie. This
was no longer mapping for mapping’s sake. We now had an
overriding biomedical aim. On 9 June 1983, general elec-
tion day, after extensive discussion, we chose to work on a
“contiguous gene syndrome” where two diseases, expected
to be genetically independent, coexisted in several very rare
individuals because neighbouring genes were co-deleted.
Cytogenetically visible heterozygous deletions were iden-
tified in most cases. We made a series of somatic cell
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hybrids with the aim of identifying disease-causing genes.
Each hybrid carried the deleted homologue of chromosome
11 from different symptomatic donors with cytologically
confirmed deletions (van Heyningen et al. 1985). This
provided a set of nested deletions allowing us to narrow in
on candidate genes predisposing to Wilms’ tumour, a
childhood kidney malignancy, and aniridia, congenital
absence of the iris. We gradually walked along the deletion
region, with Wendy Bickmore selecting successive probes
to fill the gaps, using different library resources as they
became available. A lot of progress was made by colla-
borating with chromosome-specific groups (Junien and van
Heyningen 1990). There was some rivalry, but even more
sharing of data and resources. Eventually the gene for
Wilms’ tumour, the four zinc-finger tumour suppressor W7’/
was cloned in 1990 at Harvard (Call et al. 1990), and for
aniridia, the iconic PAX6 gene was identified in Houston,
Texas (Ton et al. 1991). In both cases, we were offered the
cDNA clones immediately and for PAX6 we co-authored
the initial paper. We had collected large patient cohorts to
study both diseases. We could immediately sequence the
PAX6 cDNA, but defining its genomic organization took
time. PAX6 is not expressed in readily accessible human
tissue like blood or skin. Therefore, we identified our ear-
liest human mutations at the mRNA level, using amplifi-
cation with nested RT-PCR (reverse transcription) from
lymphoblastoid cell line (LCL) mRNA (Jordan et al. 1992).
We routinely made LCL for all cases collected. There were
numerous such “positional cloning” efforts in progress to
identify disease-associated genes. Although these projects
helped to map disease-relevant regions of the genome bit-
by-bit, even after the disease genes had been identified
(Couillin et al. 1994), such programmes were not efficient
or effective for deriving chromosomal human genome
sequence.

Sequencing DNA—revolutionary progress

The arrival of DNA sequencing technology over 40 years
ago was critical for triggering the era of the genome. In
1977, two papers appeared a few months apart in the Pro-
ceedings of the National Academy of Sciences of the United
States of America (PNAS) (Maxam and Gilbert 1977;
Sanger et al. 1977) with different methods. The ingenious
Sanger technique, which used radioactively labelled chain
terminating inhibitors of nucleotide elongation in
polymerase-catalysed primer extension, followed by poly-
acrylamide gel electrophoresis at single nucleotide sequence
resolution, was eventually adopted for most early sequen-
cing applications. The first small genome sequenced was the
5.4 kb bacteriophage ®X174 (Sanger et al. 1978). From
then on, constant innovation and step-by-step improvement
of the chemical and engineering technologies allowed
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increasingly efficient and accurate sequencing. The history
of this progression is described in a review celebrating 40
years of continuing innovation (Shendure et al. 2017). The
progress has been breath-taking both technically and in
terms of cost reduction. Long-read single-molecule
sequencing is now revolutionizing the field (literally, you
can sequence in a field), though short read sequencing is
still heavily used routinely.

Genome assembly

Genome assembly is still a complex task despite the huge
advances in sequencing and in the computational assembly
of overlapping fragments (Kolmogorov et al. 2018).
Although painfully slow chromosome-specific mapping
exercises are no longer needed when genomes in novel
species are sequenced, an available framework map can still
be very useful and modern technology can refine and con-
firm it, as shown for the C57BL/6J laboratory mouse gen-
ome (Lilue et al. 2018). One tool developed in the mid-
1980s for map building is fluorescence in situ hybridisation
(FISH). Fluorescently labelled BAC clones were frequently
used for hybridisation to denatured metaphase chromo-
somes and even to interphase nuclei (Lichter et al. 1990).
This technology is still used for very large complex genome
assemblies, such as the 32 Gb (10x human genome size)
axolotl genome (Smith et al. 2018). However, with over-
lapping sequencing and long-read novel technologies such
as Pacific Biosciences (PAC-Bio) and Oxford Nanopore to
bridge gaps, genome assembly is becoming easier and more
reliable. An important finding for human genomes was the
high frequency of copy-number variants, quite a few of
which are found to be pathogenic, some associated with
specific disease.

Data handling and analysis: bioinformatics

Intertwined with the wet-lab developments, a parallel his-
tory of essential discovery and consolidation in data hand-
ling and analysis, is also summarized in the history of
sequencing (Shendure et al. 2017). The creation of public
sequence data repositories, such as ENSEMBL and the
University of California Santa Cruz (UCSC) genome
browser and their expert curation, were essential steps in
establishment of the current genome era. Other genomic
data sites include Functional Annotation of the Mammalian
Genome (FANTOM) GenomeNet in Japan, Genoscope in
France. Sequence alignment algorithms were critical tools
for assembling contigs and for evolutionary comparisons. A
database (Genome Aggregation Database, gnomAD) for
genome-wide variant frequencies in large non-disease
populations has been made available to help assess likely
pathogenicity of patient variants (Lappalainen et al. 2019).

New tools have emerged more recently for gene expression
profiles in different tissues (e.g. genotype-tissue expression,
GTEX), and indeed in individual cells from whole embryos
and organs. The Human Cell Atlas (HCA) project is an
exciting current venture, another international collaborative
programme, co-led by two women scientists, one in the
United States (Aviv Regev) and one in the United Kingdom
(Sarah Teichmann) (Regev and Teichmann 2017).

Caenorhabditis elegans—the first
multicellular organism genome

I recall with great clarity Sydney Brenner visiting the
Genetics Department in Cambridge when I was in the Part
II class (1967/8). The department was then still not within
the central science sites, but out on the Milton Road. Syd-
ney told us that he was setting out to study a small worm
with around 1000 cells because he wanted to understand the
development of the nervous system. It seemed amazing and
wonderful that he could come up with such a novel plan.
John Sulston began this project in 1969 when he joined the
Brenner lab. His first task was to study and document
the development of the C. elegans nervous system under the
microscope, using a highly observational approach. Fol-
lowing early success in this endeavor, Sulston and other
young scientists arriving at the lab worked out the full cell
by cell developmental pathway of the little nematode. The
process is engagingly described in John Sulston’s Nobel
Lecture (Sulston 2003). In parallel, they created many
phenotypically defined mutations, including a class termed
un-coordinated (unc)—movement mutants—a proportion of
which were likely to affect the neural system. They were
mapped, using conventional crosses, to the six previously
defined linkage groups (Brenner 1974). Identifying the
mutant genes and deciphering their function was, however,
a slow and cumbersome process. It became clear that
identification of all C. elegans genes needed to be under-
taken to explore the biology properly.

As discussed above, the congruence of several new
technologies allowed this project to be undertaken—iden-
tifying all C. elegans genes, and their non-coding envir-
onment, was to become the first genome project for a
multicellular organism. Alan Coulson who had worked with
Fred Sanger until his retirement, was able to join the C.
elegans genome project. Genome size was initially esti-
mated using DNA reassociation kinetics (Sulston and
Brenner 1974). Dense coverage genomic libraries were
created to produce a physical map and for the sequencing,
initially in lambda phage vectors, but then they switched to
cosmids with larger inserts (~40kb). Clones were “finger-
printed” using restriction enzyme digestion followed by
electrophoresis to reveal patterns of different sized bands. A
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genetic map was collated. The overlapping fragments were
assembled into contigs using automated comparison of
clones—John Sulston had to teach himself Fortran to pro-
duce a programme for this. However, there were far too
many contigs because of the many unfilled gaps. Robert
Waterston was visiting the Sulston lab at this point, aware
that YAC cloning was being developed in Maynard Olson’s
group in Seattle and decided to try this large insert
(200-500+ kb) cloning system to try to bridge the gaps
(Coulson et al. 1991). He made a YAC library from the C.
elegans genome, and succeeded in closing most gaps. The
Sulston and Waterston labs, in Cambridge and St Louis,
thus embarked on a 20 year harmonious collaboration
starting with C. elegans genome sequencing. The genome
was deemed sufficiently complete for publication in 1998
(The C. elegans Consortium 1998). The final reported size,
following sequencing, is 100 Mb. About 20,000 genes were
defined by the nematode genome, and confirmed by further
analysis (Hillier et al. 2005). This is a considerably larger
number than predicted and significantly higher than the
gene numbers subsequently recognized in Drosophila. The
completion of the genome was deemed to be the beginning
of a rich era of biological exploration. Genes implicated in
mutant phenotypes could now be readily identified and
functional studies launched using reverse genetics. Most of
the genes identified fulfilled evolutionarily conserved
functions. C. elegans proved to be an excellent model
organism, in terms of biology as well as pointing the way to
the genomic era.

In the course of this extended project, many mutually
agreed simple rules were devised to allow completely open
communications between the partners in this UK-US col-
laboration, with virtually immediate public release of
sequence data, while also ensuring that the scientists
involved received due recognition for their labours (Sulston
and Ferry 2002; Sulston 2003; Maxson Jones et al. 2018).

The human genome project

Mapping of human genes had been in progress for some
time before sequencing technology was discovered. Some
of the history of this early era is described in the proceed-
ings of a discussion meeting held in 2014 (Jones 2015)
under the aegis of The History of Modern Biomedicine
(http://www histmodbiomed.org/witsem/vol54.html). There
were extensive chromosome-specific gene and disease/
phenotype maps developed in many labs internationally,
and consolidated at regularly convened Human Gene
Mapping workshops between 1973 and 1991 (e.g. Junien
and van Heyningen 1990). After 1991, as the volume of
mapping data increased, mapping meetings became
chromosome-specific gatherings under the auspices of the
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Human Genome Organisation, HUGO, founded in 1989
(http://www.hugo-international.org/history). The methodol-
ogy continued to evolve during this era. A significant
number of major genes mutated in Mendelian diseases were
identified in the 1980s and 1990s (Collins 2003), before the
systematic sequencing of the whole human genome had
begun in earnest.

Well before the worm genome was finished, there was
serious discussion about the possibility of sequencing the
human genome. Discussions ranged from political through
tactical to scientific and there were complex negotiations
about dividing up the work and funding. The story has been
told from several viewpoints including in some detail by
John Sulston (Sulston and Ferry 2002), whose leading role
in HGP has been widely acknowledged. Sulston’s narrative
is easy to read, but is definitely from his own view-point.
There are of course other somewhat different perspectives
on the historical sequence of events and on the agreements
and disagreements (Collins et al. 2003). The key decision
for US participation was taken by influential scientists and
science funding agencies, at a Banbury Center meeting in
1989 (see Green et al. 2015). The exact approaches to
delivering the human genome project evolved continuously
on both sides of the Atlantic. In addition, there were
important but smaller contributions from several other
countries, including France, Germany, China and Japan.
The ultimate aim was to deliver a genetic and a physical
map prior to embarking on the full sequence. Having strong
commitment to funding the project both in the United States
and the United Kingdom helped to keep the resolve going
for such a huge and long-term effort. In the United King-
dom, the Wellcome Trust and the Medical Research
Council (MRC) were involved; in the United States, the two
main funders were the Department of Energy (DOE) and
the National Institutes of Health (NIH). However, com-
mercial organisations, particularly in the United States, were
also lining up to participate, as the potentially saleable
usefulness of multiple aspects of HGP became clear. There
were several attempts to sequester some or all of the data
behind privatized pay walls. Craig Venter, initially an NIH
intramural scientist, was unhappy about the level of
resources available to him within NIH, so he resigned and
co-founded a non-profit company called TIGR (The Insti-
tute for Genomic Research), where in 1991 he claimed to be
the initiator of a project to sequence cDNA clones
(Expressed Sequence Tags, ESTs), which he proposed to
patent for biomedical discovery use (Sulston and Ferry
2002). As noted earlier, others had also suggested EST
mapping as a first step in HGP. cDNA mapping is faster but
it is not possible to gather all cDNAs corresponding to all
the genes, and people were also becoming aware that reg-
ulation of gene expression generally lies within non-coding
regions of the genome. Nevertheless, Human Genome
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Sciences, a subsidiary company of TIGR, did license ESTs
for privileged early commercial access. Rescue arrived in
1994, when Merck, the pharmaceutical company, agreed to
support the EST project, with no strings attached,
encouraging immediate public release as sequence was
generated.

By 1996, John Sulston and Robert Waterston, the lea-
ders of the “worm project” in the United Kingdom and the
United States, respectively, felt confident that working
with a broader and more international consortium, would
allow the full HGP, 30-fold larger than C. elegans, to be
delivered by 2005. The main participants met that February
in Bermuda, to thrash out the principles that were to be
followed: despite one or two detractors who feared quality
problems, there was strong agreement that immediate daily
release of raw sequence data, available for full public
access, must be implemented as a condition of consortium
membership. More subtle details of the history around this
era have been published (Maxson Jones et al. 2018). The
successful C. elegans scheme, of building a minimum til-
ing path of BAC clones for sequencing, was accepted as a
good functional starting strategy. YAC libraries could
sometimes be used to bridge gaps. Much of the effort built
on the early chromosome-by-chromosome disease-
mapping work.

In May 1998, just as everyone was arriving at the
annual Cold Spring Harbor Human Genome meeting,
Craig Venter announced that his new enterprise, Celera
Genomics, could complete the human genome project
without other collaborators using solely shotgun sequen-
cing and overlap assembly algorithms. Financial and
technological support would come from partners Applied
Biosystems (ABI), the company that was fast developing
novel sequencing machines. He would prove Celera’s
capacity to achieve this by quickly delivering the 138 Mb
Drosophila genome—following quick negotiations with
fly geneticist Gerry Rubin, who was leading the fly
project.

Initially, this announcement of the Celera plans pro-
duced doubt—about the ability of Venter and his techni-
que to deliver high quality finished sequence; dismay—
about the re-surfacing of plans for privatization of at least
some of the data; and consternation—about how the
funding agencies, mainly in the United Kingdom and the
United States, would view continuing and even enhanced
support for the public project (Sulston and Ferry 2002).
The public HGP continued to be supported and the two
projects moved forward extraordinarily fast, so that initial
draft sequences of the human genome were published
simultaneously in rival journals in 2001: the Celera results
were published in Science (Venter and Celera Genomics
2001), while the collaborative HGP sequence emerged in
Nature (The International Human Sequencing Consortium

2001). The completion of the human genome was
announced in April 2003 amid great fanfare, with repre-
sentatives of both the public and the Celera projects pre-
sent  (https://www.genome.gov/11006929/2003-release-
international-consortium-completes-hgp/)  (https://www.
nature.com/news/2003/030414/full/news030414-1.html).
The timing coincided with the 50th anniversary of the
discovery of the structure of DNA. From that time to
2006, we saw the publication by the public project of the
sequence and organisation of each of the 22 human
autosomes and the X and Y chromosomes, starting with
the smallest and ending with the largest, chromosome 1
(Gregory et al. 2006). The controversies between the
shotgun sequencers and the mapper-sequencers have
continued to be discussed and debated (Waterston et al.
2003; Istrail et al. 2004).

The post-HGP landscape and lessons learned

Since the early results of HGP a vast genome industry has
evolved globally. One of the early steps after the “refer-
ence genome” was defined was to explore variability
among “normal” individuals in the 1000 genomes project
(Abyzov et al. 2015). Human genome structure and
function continue to be extensively elaborated and the
United Kingdom continues to make important contribu-
tions, with amazing longitudinal cohort studies (ALSPAC
and the UK Biobank), which gradually turned into gen-
ome projects as large-scale genome sequencing became
feasible. UK10K (Rare Genetic Variants in Health and
Disease) and DDD (Deciphering Developmental Dis-
orders) were vanguard genome projects for cohorts with
undiagnosed congenital abnormalities. The still bolder
100,000 Genomes project has now completed the
sequencing phase and the aim has been expanded to 5
million genomes.

Multiple aspects of genome regulation have been
explored, producing iterations of the Encyclopaedia of
DNA Elements (ENCODE) (The Encode Project Con-
sortium et al. 2007; Diehl and Boyle 2016). Studying
chromatin organization has been a major preoccupation of
many groups worldwide, for example, exploring relatively
short-range DNA interactions using ingenious chromatin
conformation capture technologies (Dixon et al. 2012;
Nora et al. 2013). My own group had long been interested
in regulatory control of developmental gene expression
(Kleinjan and van Heyningen 2005) and in disease-
associated regulatory changes (Fantes et al. 1995; Bhatia
et al. 2013, 2015). Our understanding of the effects of
genomic variation among humans has grown exponen-
tially over the past few years, with the much quicker and
cheaper sequencing technologies available. Ever-growing
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population sequencing studies are carried out on healthy
(Elliott et al. 2018) and disease cohorts (Fitzgerald et al.
2014; Turnbull et al. 2018), shedding light, increasingly,
on the mechanisms.

Since the beginning of the genome era, many vertebrate
and invertebrate genomes have been sequenced and
deposited in public databases such as Ensembl
(http://www.ensembl.org/info/about/species.html) by
countless groups world-wide since the first multicellular
organism, C. elegans. Comparative analysis of these has
brought fantastic insights into evolution and functional
mechanisms. Not to be left behind, microorganisms and
virus genomes have also generated huge excitement over
the past decade (e.g. http://bacteria.ensembl.org/species.
html). The significance of microbiome diversity is widely
considered not only in learned journals, but even in
newspapers and magazines. These days, genome analysis
is the first response to infectious disease outbreaks glob-
ally. New sequencing technologies, which can be carried
out in the field on locally collected samples, are revolu-
tionizing this approach.

Science and society

It is truly an exciting and exhilarating privilege to be living in
this fast-paced era of genomics. I have barely been able to
convey the history of one small but critical corner. It is
unbelievable how much thinking and ingenious technology
has been developed and in some cases already discarded as
new approaches have taken over. The history of the devel-
opment of sequencing, both proteins and nucleic acids,
illustrates this most tellingly. Two Nobel Prize-winning
technologies (1958, proteins; 1980, DNA—both awarded to
Fred Sanger but the latter shared with Paul Berg and Walter
Gilbert) have been transformed almost out of recognition and
are no longer used routinely in their original format, but mass
spectroscopy for sophisticated protein analysis and “next
generation sequencing” as well as single molecule long-range
DNA sequencing are now used very widely and increasingly
cheaply. The virtual disappearance of Southern blotting is
another example of the fast turnover of hot technology.
Throughout the history of the genome era there have been
controversies and major ethical issues to consider. In some
cases we have developed ways of dealing with the problems,
at least temporarily and in ways that seem acceptable today,
but today’s solutions may not remain satisfactory in future.
Perhaps for the first time in history there has been a parallel
thread of an ELSI (ethical, legal, societal implications) pro-
gramme along with the genome programme. There was much
debate about consent issues and different aspects of human
rights, for example, about the ethics of what results should
and should not be revealed to people at different stages of
their life. Thought also has been given to the ownership of
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tissue samples. I am not sure we have fully solved this and
there are real problems, in my view, about trying to apply
today’s new rules to yesterday’s cases. There remain conflicts,
in many cases, between individual rights and societal rights.
But the main thing is that we are thinking about these matters
and discussing them, almost obsessively. One of the great
champions of public ownership of data and information was,
undoubtedly, John Sulston. I knew him fairly well in the first
decade of this century, when we both sat on the Human
Genetics Commission, under the chairmanship of human
rights lawyer Helena Kennedy. It was a heady exciting time.
Also with us in that group we had Medical Law professor and
emerging author Alexander McCall Smith, and the sickle cell
disease expert Professor of Nursing, Elizabeth Anionwu. At
times, there was overkill on rules: for a while it was suggested
that cancer tissues donated for research with consent, could
not be used after the donor died—obviously a nonsense rul-
ing. But we do need to think constantly about what is fair and
reasonable at all times and to re-think these ideas as tech-
nology and society’s outlook evolves. The Sulston voice was
always well considered and logical and sought to maintain the
balance between individual rights and societal needs. How-
ever, there are always sins of omission as well as commission,
and in fact the boundary between these is very slight. We do
now realize that the genomes studied are not proportionately
representative of the world’s population. We need to enable
the study of genomes within Africa, parts of Asia and South
America and also among indigenous populations scattered
around the world. Not only will we learn much important
biology from this, but we shall also be in a better position to
deliver much more equitably the benefits of genomic studies
to everyone, as the rich diversity is understood and utilised.
However, it must be borne in mind that not everyone will
consent to have their genome studied. These points need to be
discussed continuously, as views do change. The information
revolution and big-data developments have, of necessity,
accompanied the genomic flood. The influence of these
advances will be yet wider than even the genome revolution
itself. We need to remember that the saying: “May you live in
interesting times” is considered a curse in some ways, but it is
our task to ensure that the horrors are avoided and as much as
possible of the benefits realized.
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